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Abstract 
 
Energy harvesting devices based on organic materials have attracted great attentions because the 
structural versatility enables the incorporation of functionality by molecular design compared to 
conventional inorganic solid state electronics. They also allow devices with lower costs, lightweight, 
large-area coverage, and mechanical flexibility. Intensive research efforts on rational molecular 
design and synthesis have led to remarkable progress in achieving high performance organic materials 
through chemical approach. 
One of the promising classes of organic dyes is bislactam units including diketopyrrolopyrrole (DPP), 
benzodithiophene (BDT), isoindigo (IIG), thienoisoindigo (TIIG), and so forth. Among them, TIIG 
moiety was recently developed by McCulloch et al. in 2012 through a structural modification of IIG. 
It exhibits a high degree of co-planarity via sulfuroxygen interactions and improved delocalization 
of molecular states via a quinoidal structure along the backbone, leading to high absorption 
coefficients, broad light absorption and high charge carrier mobilities. 
Poly(vinylidene fluoride) (PVDF) is attractive for its special electrochemical and physical properties 
like a good surface alignment, electrochemical inertness, strong bonding strength, well-controlled 
porosity, superior thermal properties, and compatibility with flexible substrates. Because of its 
remarkable properties, it can be tailorable to many fields such as a membrane, a binder for electrode 
materials, piezoelectric/pyroelectric/triboelectric materials, and dielectric materials for OFETs. 
Grafting of functional groups to PVDF backbone can offer an effective approach for incorporating 
specific properties into a material while retaining desirable properties of the parent PVDF polymer. 
Considering above issues, my research focus was on synthesis and characterization of TIIG or PVDF-
based organic materials for application in various energy harvesting devices. Firstly, three TIIG-based 
small molecules bearing benzene, naphthalene, and benzofuran were synthesized, characterized, and 
applied for organic photovoltaics (OPVs) and organic field-effect transistors (OFETs). Secondly, 
PVDF graft copolymers were prepared to use as a binder for Si anode in lithium ion batteries. The 
grafting of tert-butyl acrylate onto PVDF by ATRP was used to synthesize PVDF-g-PtBA copolymers. 
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Chapter 1. 
 
Introduction 
 
1.1 Introduction 
1.2. Thienoisoindigo-Based Semiconductors 
1.2.1 Research Background 
Since the discovery of highly conductive polyacetylene by Shirakawa, MacDiarmid, and Heeger in 
the late 1970s, π-conjugated systems have attracted considerable attention for practical applications in 
organic electronics.
1,2
 
The point which distinguishes between insulating and inherently conductive materials is related to 
their structure. Generally, the conducting materials possess uniformly distributed double bonds in the 
main chains, whereas the insulators do not have conjugated structure. Thus, all conjugated materials 
contain an intrinsically high density of conjugated parts with a high degree of connectivity, namely, 
electrons that are delocalized rather than being part of one valence bond. 
  
Excitation energies of conjugated π-electrons are mostly in the visible range and they are optically 
active. The optoelectrical properties of conjugated materials are much depend on the work function of 
the electrode materials and the energy difference between the highest energy π orbital HOMO 
(valence band) and the lowest energy π* orbital LUMO (conduction band) of the corresponding 
conjugated materials. This is defined as the energy band gap (Eg). The Eg decreases with the extend in 
conjugation. 
The bislactam-based conjugated materials including diketopyrrolopyrrole (DPP), benzodithiophene 
(BDT), isoindigo (IIG), and thienoisoindigo (TIIG), which have shown some of the highest PCEs 
reported to date and have been used to fabricate transistor devices with remarkably high charge carrier 
mobilities. 
Among them, isoindigo (IIG)-based materials showed the excellent performance in optoelectronic 
devices, which lead to their structural modifications for the further performance enhancement. In 2012, 
McCulloch et al. reported a new acceptor, thienoisoindigo (TIIG), by replacing the outer phenyl ring 
of IIG with thiophene.
3
 The TIIG moiety should lead to reduced steric demands compared to that of 
IIG promoted by the S···O interaction.
4
 By copolymerizing it with benzothiadiazole (BT), the new 
all-acceptor copolymer was synthesized and exhibited an ultralow Eg of 0.92 eV, which implied a 
high degree of backbone coplanarity and strong electron-accepting capability of TIIG unit. Top gate-
bottom contact (TGBC) OFETs showed good ambipolarity with a balanced μe/μh of 0.14/0.16 cm
2
 V
-
15 
 
1
s
-1
. The results indicate the potential of TIIG for enabling high mobility materials in organic 
electronics. 
 
 
Figure 1. Structures of isoindigo (left) and thienoisoindigo (right). 
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1.2.2 Synthetic Methods Toward Thienoisoindigo (TIIG)-Based Semiconductors for Organic 
Electronics 
The palladium-catalyzed cross-coupling reaction can be applied to prepare various conjugated 
materials including TIIG-based organic semiconductors. It generally begins with an ‘oxidative 
addition’ of the low valent metal to an organic halide. In this step, both the oxidation state and 
coordination number of a metal center increase. Next, the organometallic as a nucleophile undergoes a 
‘transmetallation’ step and thus both parts are put on the same metal center. This step is an 
irreversible organometallic reaction by transfer of ligand from a metal to another part. Mostly, 
transmetallation is rate limiting step but the exact mechanism is unknown. Lastly, a ‘reductive 
elimination’ of the two coupling components to regenerate the catalyst and afford the product. 
Reductive elimination is the reverse of oxidation addition and two main groups should be mutually 
adjacent on the metal coordination. 
 
1.2.2.1 Suzuki Coupling Reaction 
The Suzuki coupling was discovered in 1979 by Akira Suzuki. It occurs between organoboronic acid 
and halides under the existence of palladium(0) catalyst. It is differentiated from the Stille coupling by 
the fact that the boronic acid must be activated, for example with base. The activation of the boron 
atom increases the polarization of the organic ligand, and then promotes transmetallation. It attracted 
widespread interests due to the stability, ease of synthesis, and low toxicity of the boronic acid 
compounds. The mechanism of the Suzuki coupling is given below. 
 
 
Figure 2. Mechanism of Suzuki coupling reaction. 
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1.2.2.2 Stille Coupling Reaction 
The Stille coupling was developed in 1978 by John Stille and David Milstein. It is a palladium-
catalyzed C-C bond forming reaction between stannanes and sp
2
-hybridized organic halides. It 
undergoes much the same mechanism as the Suzuki coupling. The main drawback of the Stille 
coupling is the toxicity of the tin compounds used. The reaction mechanism is as follows.  
 
Figure 3. Mechanism of Stille coupling reaction. 
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1.3. Poly(vinylidene fluoride) (PVDF)-Based Materials 
1.3.1 Research Background 
Poly(vinylidene fluoride) (PVDF) is attractive for its outstanding electrochemical and physical 
properties like a good surface alignment, electrochemical inertness, strong bonding strength, well-
controlled porosity, superior thermal properties, and compatibility with flexible substrates. Because of 
its remarkable properties, it can be tailorable to many fields such as ion exchange membranes, a 
binder for electrode materials, piezoelectric/pyroelectric/triboelectric materials, and dielectric 
materials for OFETs. Grafting of functional groups to PVDF backbone can offer an effective way for 
giving specific properties into a material while maintaining desirable properties of the parent PVDF 
polymer. 
 
1.3.2 Atom Transfer Radical Polymerization (ATRP) 
Atom transfer radical polymerization (ATRP) has recently been used as an effective synthetic method 
to prepare graft copolymers by "grafting from" methods from polymeric macroinitiators (RX) 
containing radically transferable halogen atoms, and a metal/ligand catalytic system that can promote 
fast initiation compared to propagation and reversibly activate halogen atoms (RnX) during 
polymerization. Here, the halogen atoms serve as initiation sites for the polymerization of side chains. 
 
 
Figure 4. Mechanism of metal complex-catalyzed ATRP. 
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Chapter 2. 
 
Thienoisoindigo (TIIG)-based Small Molecule Semiconductors 
 
2.1 Introduction 
Organic electronics based on conjugated semiconductors are a promising technology for low-cost, 
light-weight, flexible, large-area, and energy-generation applications. Over the past decade, donor–
acceptor (D–A) type organic semiconductors have been widely synthesized due to possibility for 
tailoring their excellent electrical and opto-electrical properties by careful combination of donor and 
acceptor building blocks. 
Due to their desirable film-forming capability and mechanical robustness, polymeric materials have 
constituted the majority of research relating to organic electronics. Nonetheless, polymeric materials 
suffer from inherent disadvantages such as batch-to-batch variations, chain-end contamination, broad 
molecular-weight distributions and difficult purification methods, which can preclude further 
improvement of overall device performance and device consistency.
1,5,6
 
In contrast, small molecules – which possess not only well-defined structures with monodisperse 
nature but also negligible batch to-batch variations – have significantly received attention as 
alternatives to polymeric counterparts.
7
 Therefore, it is true that more reproducible fabrication 
protocols and a better understanding of molecular structure–property relationships are anticipated in 
small molecule organic electronics. 
Considering the above issues, one of the most promising classes of semiconductors is bislactam 
motifs including diketopyrrolopyrrole (DPP), isoindigo (IIG), and thienoisoindigo (TIIG), which have 
shown some of the highest PCEs
8,9
 reported to date and have been utilized to fabricate transistor 
devices with unprecedented mobilities. 
Among such high-performance pigments, the recently conceived TIIG moiety exhibits superior co-
planarity via SO interactions and improved electronic delocalization via a quinoidal structure along 
the backbone, leading to high absorption coefficients, broad light absorption and high charge carrier 
mobilities.
4,10-12
 
In this chapter, the three TIIG-based small molecules (TIIG-Bz, TIIG-Np, and TIIG-Bf) in which a 
TIIG core was coupled with benzene (Bz), naphthalene (Np), or benzofuran (Bf) moieties have been 
synthesized and applied in two of the most active fields of organic optoelectronics; organic 
photovoltaics (OPVs) and organic field-effect transistors (OFETs). With the goal of establishing how 
structural variations influence optical properties, energy levels, morphology, molecular packing, 
charge transport, OPVs performance, and OFETs characteristics, this new class of TIIG-based 
20 
 
materials was investigated thoroughly. These materials exhibited the dependence of electron-donating 
units on the photophysical and electrochemical nature and surface morphology of the active layers in 
OPVs and OFETs. Our in-depth study provides a relevant step forward for understanding structure–
property relationships of the TIIG family. 
Chapter 2 is reproduced in part with permission from H. Kang, et al., Thienoisoindigo (TIIG)-based 
small molecules for the understanding of structure–property–device performance correlations, Journal 
of Materials Chemistry A. 2015, 3, 9899. Copyright 2015 The Royal Society of Chemistry. 
 
2.2 Synthesis and Characterization 
The synthetic routes to TIIG monomers and the target small molecules (TIIG-Bz, TIIG-Np, and 
TIIG-Bf) in which TIIG is coupled with benzene (Bz), naphthalene (Np), or benzofuran (Bf) are 
outlined in Scheme 1. First, the TIIG monomer, (E)-2,2'-dibromo-4,4'-bis(2-ethylhexyl)-[6,6'-
bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4H')-dione was synthesized as previously reported.
11
 The 2-
ethylhexyl alkyl chain was introduced onto the TIIG core to ensure solubility. The three small 
molecules were then obtained through palladium-catalyzed Suzuki coupling in degassed toluene/water 
to append phenylboronic acid, naphthalene-2- boronic acid pinacol ester, or benzo[b]furan-2-boronic 
acid, as end-capping building blocks, respectively, using tris(dibenzylideneacetone) dipalladium(0) as 
a catalyst, tri(o-tolyl)phosphine as a ligand, and potassium phosphate tribasic as a base. The detailed 
synthetic procedures are described in the Experimental section. 
 
Scheme 1. The synthetic routes to TIIG monomer and TIIG-based small molecules. 
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2.3 Optical and Electrochemical Properties 
The UV-Vis absorption spectra of the three small molecules TIIG-Bz, TIIG-Np, and TIIG-Bf both 
in chloroform solution and as thin films are shown in Figure 5, while the photophysical data are 
summarized in Table 1. 
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Figure 5. UV-Vis absorption spectra of TIIG-based small molecules in (a) CHCl3 solution (2.72 × 10
-
5
 M for TIIG-Bz, 1.57 × 10
-5
 M for TIIG-Np, and 1.62 × 10
-5
 M for TIIG-Bf) and (b) as thin films 
(10 mg mL
-1
, 800 rpm, 60 s). 
 
Table 1. Photophysical and electrochemical properties of TIIG-based small molecules as derived 
from the UV-Vis absorption spectra and cyclic voltammetry curves. 
 
max
solution 
(nm) 
max
film 
(nm) 
λedge
film
  
(nm) 
Eg
opt 
(eV)
a
 
EHOMO 
(eV)
b
 
ELUMO 
 (eV)
b
 
Eg
elec 
(eV)
c
 
TIIG-Bz 361, 617 371, 605 764 1.62 -4.91 -3.26 1.65 
TIIG-Np 375, 633 409, 633 782 1.58 -4.86 -3.32 1.54 
TIIG-Bf 360, 651, 698 378, 644 804 1.54 -4.82 -3.34 1.48 
aCalculated from the absorption band edges of the small molecule films, Eg
opt =1240/λedge
film bSolution in 0.1 M CH2Cl2/n-
Bu4NPF6, versus ferrocenium/ferrocene at 100 mVs
−1. HOMO and LUMO estimated from the onset oxidation and reduction 
potentials, respectively, assuming the absolute energy level of ferrocene/ferrocenium to be 4.8 eV below vacuum. cEg
elec (eV) 
= ELUMO − EHOMO. 
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All the three small molecules featured dual-band absorptions both in solution and as thin films: a 
sharp one in the range of 350–450 nm, which can be assigned to localized ππ* transitions, and 
another broader one with a vibronic shoulder in the range of 500–900 nm, which accounts for intra-
molecular charge transfer (ICT) ascribed to the interplay of the donor–acceptor architecture. In 
solution (Figure 5a), the absorption profiles of TIIG-Np and TIIG-Bf showed more vibronic fine 
structures than that of TIIG-Bz, potentially due to a better co-planarity induced by the ring-fused end-
capping blocks and extended conjugated length. Additionally, it is apparent that the absorption 
coefficients of the ICT bands increased in the order of TIIG-Bf > TIIG-Np > TIIG-Bz, which would 
indicate that the strength of the electron donating abilities of the end-capping blocks influence the 
oscillator strength of the molecule. 
Very interestingly, compared to their corresponding solution spectra, the film absorption spectra 
(Figure 5b) showed red shifts in the absorption onsets (onset), whereas slight blue shifts in their 
absorption maxima (max) were observed. In addition, the relative intensities of ICT bands in the films 
were consistent with the trend observed in the solution absorption coefficients. Although the reason 
for the blue shifts of max remains unclear at the current stage, it is clear that both TIIG-Np and TIIG-
Bf showed relatively high absorption coefficient values and spectral broadening compared to TIIG-
Bz, which is beneficial for efficient photon harvesting. Similar phenomena have previously been 
reported by Li and coworkers, where extending π-bridges from thiophene to bithiophene was found to 
increase the absorption coefficients of the molecules.
13
 Optical bandgaps (Eg
opt
) estimated from the 
absorption onset of the films are 1.62, 1.58, and 1.54 eV for TIIG-Bz, TIIG-Np, and TIIG-Bf, 
respectively, being consistent with the trend of the above-mentioned coefficient results. 
Cyclic voltammetry (CV) of the small molecules in dichloromethane solution was used to probe their 
frontier electronic energy levels (Figure 6). The relevant electrochemical data are compiled in Table 
1. All the small molecules revealed a reversible reduction and two reversible oxidations with similar 
intensities. For a single molecule with electron-accepting (TIIG) and electron-donating units, one 
might expect that by changing electron-donating blocks, only the lowest unoccupied molecular orbital 
(LUMO) would be affected. However, Figure 6 clearly shows that the electron-donating end groups 
in the TIIG-based materials can have an equally large effect on the highest occupied molecular orbital 
(HOMO) level of the small molecules as on the LUMO level. 
In going from Bf to Np and Bz end-capping blocks, a systematic lowering of the HOMO level was 
observed. This observation reflects that the empirical electron-donating qualities of end-capping 
groups are manifested in the sequence of Bz < Np < Bf, which is also in agreement with the 
aforementioned trend based on theoretical profiles. Overall, our TIIG-based molecules exhibited 
higher HOMO levels compared to the IIG-based analogs
14,15
 due to the enhanced charge 
delocalization via a quinoidal structure of the TIIG backbone.
11
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In contrast, the LUMO levels of the three compounds were as follows: -3.34 eV for TIIG-Bf, -3.32 
eV for TIIG-Np, and -3.26 eV for TIIG-Bz, being opposite to the sequence of HOMO levels 
mentioned above. 
The electrochemical gap (Eg
elec
) defined as Eg
elec
 (eV) = ELUMO – EHOMO followed the same trend as the 
Eg
opt
 mentioned above, but was consistently somewhat larger by E = 0.03–0.06 eV. Such a small 
difference is not unexpected because electrons are extracted or added in the determination of Eox and 
Ered, whereas the optical gap provides the energetic difference for an intramolecular excitonic state, 
with the hole and the electron energies stabilized by Coulomb attraction.
16
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Figure 6. Cyclic voltammograms of TIIG-based small molecules in CH2Cl2 solution. 
 
Density functional theory (DFT) calculations (B3LYP/6-31G) were carried out to gain additional 
insights into the theoretical electronic features, depending on the different molecular structures of the 
donor units (Figure 7). The optimized molecular orbital distributions reveal that the HOMOs are 
mostly distributed along the whole conjugated backbones while the LUMOs are partially localized on 
the TIIG core in all cases. This implies that the three small molecules have p-type properties in 
common. It is interesting to point out that altering the electron-donating units from Bz to Np and Bf 
gives rise to a successive narrowing of dihedral angles between the TIIG core and the end-capping 
blocks, with Bf affording the smallest value of 0.14
o
.  
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Figure 7. Optimized frontier molecular orbitals and geometries for TIIG-based small molecules 
simulated via density functional theory (DFT) calculations (B3LYP/6-31G). 
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2.4 Organic Photovoltaics (OPVs) Applications 
2.4.1 OPVs Performances 
Photovoltaic applications of TIIG-Bz, TIIG-Np, and TIIG-Bf were investigated in solar cell devices 
with the device configuration glass/ITO/PEDOT:PSS/small molecule : PC61BM or PC71BM/Al. 
Initially, the ratios (w/w) between the small molecules and PC61BM were varied from 3 : 7 to 7 : 3 in 
order to identify suitable donor : acceptor ratios for this system. 
The photovoltaic parameters of these devices are reported in Table 2. PC61BM was replaced with 
PC71BM using optimized device fabrication parameters and slightly enhanced results were obtained. 
The fabrication conditions were further explored by changing concentrations, spin-coating rates, and 
using solvent additives. Among all of these conditions, the optimal performance was observed using 
blend solutions in chloroform with donor : acceptor ratios of 7 : 3, 6 : 4, and 6 : 4 for TIIG-Bz, TIIG-
Np, and TIIG-Bf, respectively. These devices showed dramatically improved characteristics after 
thermal annealing at 100 
o
C. 
Figure 8 displays the current density–voltage (J–V) characteristics of OPVs based on TIIG-Bz, 
TIIG-Np, and TIIG-Bf, respectively, under an AM 1.5G calibrated solar simulator with an irradiation 
intensity of 100 mW cm
-2
. A summary of the device parameters can be found in Table 3. 
As-cast devices of all the three small molecules exhibited very low power conversion efficiencies 
(PCEs) of about 0.07–0.31%. However, an increase in fill factors (FFs) (to 0.39 in all cases) coupled 
with a dramatic increase in short-circuit current densities (Jscs) to 4.85, 7.15, and 7.15 mA cm
-2
, for 
TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively, was evident after thermal annealing (Figure 8). The 
open-circuit voltages (Vocs) were concomitantly changed by -0.13, 0.03, and 0.03 V for TIIG-Bz, 
TIIG-Np, and TIIG-Bf, respectively. Thermal annealing at 100 
o
C thus increased the PCEs to 1.32, 
1.81, and 1.80% for TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
To investigate the spectral photocurrent response of the devices, incident photon-to-current efficiency 
(IPCE) spectra were collected. As shown in Figure 9, all the three small molecules exhibited IPCE 
contributions throughout the visible spectrum. The IPCE spectra exhibited two major peaks in the 
ranges of 400–450 nm and 570–620 nm for these small molecules, which match the absorption bands 
of the blends observed in the UV-Vis spectra. TIIG-Np showed the highest photon conversion 
efficiency with a maximum of 37% near 400 nm and an onset near 775 nm. TIIG-Bf covered the 
greatest spectral range (up to 800 nm) with a maximum of 31% at 450 nm, while TIIG-Bz covered 
the narrowest (up to 750 nm) with the lowest overall efficiency including a maximum of 29% near 
400 nm, consistent with the relatively low Jsc produced by this material. 
 
26 
 
Table 2. Photovoltaic device performance at various blending ratios between small molecule and 
PC61BM and at fixed ratio between small molecule and PC71BM using DIO and CN as additives. 
Active layer 
Small 
molecule 
:PCBM (w/w) 
TA, time 
(
o
C, min) 
Jsc 
(mAcm
-2
) 
Voc 
(V) 
FF 
PCE 
(%) 
TIIG-Bz:PC61BM 
3:7 
- 2.23 0.66 0.29 0.42 
(80, 10) 2.35 0.71 0.30 0.50 
4:6 
- 1.97 0.65 0.24 0.30 
(80, 10) 2.56 0.65 0.35 0.58 
5:5 
- 1.86 0.68 0.26 0.33 
(80, 10) 3.48 0.61 0.44 0.93 
6:4 
- 1.32 0.72 0.25 0.23 
(80, 10) 4.48 0.63 0.42 1.18 
7:3 
- 0.87 0.64 0.25 0.14 
(80, 10) 5.33 0.64 0.41 1.40 
TIIG-Np:PC61BM 
3:7 
- 3.21 0.58 0.29 0.55 
(100, 10) 3.18 0.62 0.48 0.96 
4:6 
- 3.10 0.62 0.30 0.58 
(100, 10) 3.34 0.62 0.45 0.93 
5:5 
- 2.55 0.57 0.28 0.41 
(100, 10) 5.26 0.61 0.43 1.36 
6:4 
- 1.72 0.62 0.26 0.28 
(100, 10) 6.49 0.62 0.45 1.83 
7:3 
- 1.00 0.40 0.29 0.12 
(100, 10) 5.55 0.62 0.46 1.56 
TIIG-Bf:PC61BM 
3:7 
- 4.20 0.65 0.32 0.88 
(80, 10) 3.81 0.65 0.32 0.79 
4:6 
- 4.23 0.69 0.35 1.02 
(80, 10) 3.26 0.67 0.33 0.73 
5:5 
- 3.58 0.68 0.30 0.74 
(80, 10) 5.03 0.68 0.39 1.32 
6:4 
- 1.86 0.65 0.28 0.33 
(80, 10) 5.70 0.67 0.43 1.65 
7:3 
- 0.61 0.57 0.27 0.09 
(80, 10) 4.90 0.65 0.38 1.21 
TIIG-Bz:PC71BM 
+ 0.4% DIO 
7:3 
- 3.52 0.51 0.49 0.88 
TIIG-Bz:PC71BM 
+ 0.4% CN 
- 3.65 0.58 0.43 0.91 
TIIG-Np:PC71BM 
+ 0.4% DIO 
6:4 
- 3.98 0.58 0.46 1.07 
TIIG-Np:PC71BM 
+ 0.4% CN 
- 4.66 0.60 0.48 1.32 
TIIG-Bf:PC71BM 
+ 0.4% DIO 
6:4 
- 1.53 0.50 0.41 0.31 
TIIG-Bf:PC71BM 
+ 0.4% CN 
- 2.32 0.49 0.49 0.55 
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Table 3. Summary of photovoltaic device characteristics of TIIG-based small molecules. 
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Figure 8. Current density–voltage (J–V) characteristics without (w/o TA) and with (w/ TA) thermal 
annealing at 100 
o
C. 
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Figure 9. Incident photon-to-current efficiency (IPCE) results of conventional structures for TIIG-
Bz : PC71BM (7 : 3 (w/w)), TIIG-Np : PC71BM (6 : 4 (w/w)), and TIIG-Bf : PC71BM (6 : 4 (w/w)) 
after thermal annealing at 100 
o
C, respectively. 
 
 
 
Active Layer 
Annealing Temp. 
(
o
C) 
Jsc 
(mA cm
-2
) 
Voc 
(V) 
FF 
PCE 
(%) 
TIIG-Bz 
:PC71BM 
w/o 0.37 0.82 0.22 0.07 
100 4.85 0.69 0.39 1.32 
TIIG-Np 
:PC71BM 
w/o 1.41 0.63 0.25 0.22 
100 7.15 0.66 0.39 1.81 
TIIG-Bf 
:PC71BM 
w/o 1.83 0.61 0.28 0.31 
100 7.15 0.64 0.39 1.80 
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In order to investigate the charge transport behavior in BHJ blends with PC71BM, electron and hole 
mobilities (μe and μh, respectively) were measured using the space charge limited current (SCLC) 
technique.
17
 Detailed device fabrication and measurement procedures are reported in the experimental 
section. The J–V curves of electron and hole-only diodes are plotted in Figure 10 while the μe and μh 
data are reported in Table 4. TIIG-Bz exhibited a modest electron mobility of 3.11 × 10
-4
 cm
2
 V
-1
s
-1
 
and a rather low hole mobility of 5.5 × 10
-6
 cm
2
 V
-1
s
-1
. TIIG-Np exhibited balanced, but low μe and μh 
values of 4.10 × 10
-5
 and 2.02 × 10
-5
 cm
2
 V
-1
s
-1
, respectively, while TIIG-Bf exhibited the highest μe 
and μh values of 1.00 × 10
-3
 and 2.19 × 10
-4
 cm
2
 V
-1
s
-1
 respectively. A combination of relatively low μh 
and mismatched μe/μh ratios may explain the low observed FFs in all three materials and may also be a 
factor which limits the Jsc of TIIG-Bz-based photovoltaic devices.
17
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Figure 10. J−V characteristics of (a) electron- and (b) hole-only devices based on small 
molecule:PC71BM blend films. Gray lines represent fits of the curves using the Mott-Gurney 
relationship. All devices were measured after thermal annealing at 100 
o
C. 
 
Table 4. Calculated electron and hole mobility values for small molecule:PC71BM devices at the 
optimized ratios of the OPV performance for TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
Small Molecule 
Thicknesselectron 
(nm) 
Electron mobility 
(cm
2 
V
-1
s
-1
) 
Thicknesshole 
(nm) 
Hole 
mobility 
(cm
2 
V
-1
s
-1
) 
μe/μhole 
TIIG-Bz 88.5 3.11×10
-4
 146.5 5.50×10
-6
 56.54 
TIIG-Np 107.3 4.10×10
-5
 239.5 2.02×10
-5
 2.03 
TIIG-Bf 125.75 1.00×10
-3
 261 2.19×10
-4
 4.57 
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2.4.2 Thin Film Microstructural Analyses 
For a more detailed understanding of the photovoltaic trends and morphology of pristine small 
molecules and blends with PC71BM films before and after annealing, molecular spacing and packing 
orientation relative to the substrate were analyzed by grazing incidence X-ray diffraction (GIXD) and 
atomic force microscopy (AFM). Figure 11 shows GIXD images of pristine small molecules and 
small molecule : PC71BM blend films deposited from chloroform before and after thermal annealing. 
Detailed GIXD profiles are plotted and shown in Figure 12 and Table 5. 
 
 
Figure 11. GIXD images of (ac) pristine small molecule films, small molecule:PC71BM blend films 
(df) without and (gi) with thermal annealing at 100 oC. Left, middle, and right columns show 
images corresponding to TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
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Figure 12. Scattering line-cuts along (a) in-plane and (b) out-of-plane direction for pristine small 
molecules, small molecule:PC71BM blend films without and with thermal annealing at 100 
o
C. 
 
GIXD patterns for pristine films of all three TIIG materials are shown in Figure 11a–c with 
corresponding horizontal and vertical line cuts in Figure 12. Diffraction peaks corresponding to both 
lamellar packing and π–π stacking were observed in both in-plane and out-of-plane directions for all 
pristine small molecule films; lamellar peaks (100) were stronger in the qz (out of plane) direction 
while π–π stacking peaks (010) were stronger in the qxy direction for this series of molecules. This 
implies that the pristine small molecules preferentially self-assembled into an edge-on orientation 
when spin-coated onto the substrates. TIIG-Bz displayed significant lamellar packing with clear 
peaks corresponding to the lamellar (100) and (200) diffraction planes and a π–π stacking plane (010) 
in the out-of-plane direction. A series of 4 weaker peaks was also apparent in the out-of-plane 
direction in the range of qz = 0.9–1.4 Å
-1
. Like TIIG-Bz, TIIG-Np also showed several strong 
diffraction peaks, with four clear peaks in the out of plane direction. These peaks may correspond to 
the (100), (200), and (300) lamellar diffraction planes and a (010) π–π stacking plane. Peaks 
corresponding to the (100), (300), and (010) diffraction planes were also apparent in the in-plane 
direction for TIIG-Np. TIIG-Bf exhibited the weakest lamellar packing with only a (100) peak 
apparent in the in-plane direction. It is noteworthy that pristine TIIG-Np and TIIG-Bz films showed 
higher crystallinity, in terms of the number and sharpness of diffraction peaks, than TIIG-Bf, even 
though the TIIG-Bf molecule has the most planar structure (with the smallest dihedral angle as 
indicated by DFT calculations) and should undergo π–π stacking the most easily. However, the 
relatively low crystallinity of TIIG-Bf is consistent with previous observed tendencies for the Bf end-
capping group.
18
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Table 5. Detailed GIXD profiles of pristine small molecules and small molecule:PC71BM blend films 
before and after thermal annealing at 100 
o
C for TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
Type Direction 
Scattering 
vector (q) 
of π−π 
stacking 
[ Å
-1
 ] 
d-
spacing 
[Å ] 
Lamella 
interaction 
(h00) 
Scattering 
vector (q) 
of lamella 
peak 
[Å
-1
] 
Lamella 
interaction 
distance 
[Å ] 
Pristine 
TIIG-Bz 
In-plane (qxy) 1.73 3.63 (100) 0.43 14.77 
Out-of-plane 
(qz) 
1.73 3.63 (100) 0.42 14.82 
TIIG-Bz 
:PC71BM 
In-plane (qxy) - - (100) 0.48 13.00 
Out-of-plane 
(qz) 
- - (100) 0.45 13.97 
TIIG-Bz 
:PC71BM 
annealed 
at 100 
o
C 
In-plane (qxy) 1.74 3.61 (100) 0.43 14.50 
Out-of-plane 
(qz) 
1.75 3.60 (100) 0.44 14.22 
Pristine 
TIIG-Np 
In-plane (qxy) 1.73 3.63 (100) 0.40 15.55 
Out-of-plane 
(qz) 
1.74 3.61 (100) 0.42 15.10 
TIIG-Np 
:PC71BM 
In-plane (qxy) - - (100) 0.45 14.04 
Out-of-plane 
(qz) 
- - (100) 0.41 15.26 
TIIG-Np 
:PC71BM 
annealed 
at 100 
o
C 
In-plane (qxy) 1.74 3.60 (100) 0.43 14.70 
Out-of- plane 
(qz) 
1.73 3.62 (100) 0.42 15.26 
Pristine 
TIIG-Bf 
In-plane (qxy) 1.73 3.63 (100) 0.40 15.63 
Out-of-plane 
(qz) 
- - (100) 0.39 16.00 
TIIG-Bf 
:PC71BM 
In-plane (qxy) - - (100) 0.45 13.98 
Out-of-plane 
(qz) 
- - (100) 0.43 14.69 
TIIG-Bf 
:PC71BM 
annealed 
at 100 
o
C 
In-plane (qxy) 1.77 3.56 (100) 0.42 15.13 
Out-of-plane 
(qz) 
1.76 3.57 (100) 0.42 14.90 
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GIXD patterns and line-cut properties for each small molecule : PC71BM blend film are shown in 
Figure 11d–f and 12. All three small molecule BHJ films exhibited only lamellar packing arising 
from the (100) plane with a complete disappearance of the π–π interaction peak. The alkyl side chains 
of the small molecules were thus still able to self-assemble into a lamellar structure in the presence of 
PCBM, as evidenced by a broad lamellar (100) peak. However, the presence of PC71BM molecules 
appears to have disrupted the intermolecular π–π interactions compared to the pristine condition as the 
(010) peak disappeared completely for all three materials.
19
 These results are consistent with 
observations of the film morphology, in which AFM images show that all three molecules formed 
amorphous, smooth films upon blending with PC71BM, including RMS roughness values of less than 
0.5 nm.  
After thermal annealing (Figure 11g–i, 12 and Table 5), the thermal motion of the molecules at 100 
o
C enabled them to self-assemble into crystalline domains as evidenced by the reappearance of 
diffraction peaks in all of the blend films. The TIIG-Bz blend showed the appearance of a (010) π–π 
interaction peak and sharpening of the (100) lamellar peak in both qz and qxy directions upon thermal 
annealing. As in the case of the pristine films, the intensity of the (010) peak was greater in the in-
plane direction while the lamellar (100) peak was more intense in the out-of-plane direction, 
consistent with a tendency of the material to undergo edge-on packing on the substrate and consistent 
with observations of the pristine film. The annealed TIIG-Np : PC71BM blend exhibited well-
resolved diffraction patterns including strong (010) peaks in both the in-plane and out-of-plane 
directions, corresponding to π–π interactions, as well as (100) and (200) lamellar peaks in the out-of-
plane direction (Figure 11h, 12 and Table 5). As with TIIG-Bz, the intensity of the diffraction peaks 
corresponding to lamellar packing ((100) and (200) planes) were again sharper and more intense in 
the out-of-plane direction, consistent with the pristine films, reflecting a tendency of this material to 
undergo edge-on packing on the substrate. The annealed TIIG-Bf blend showed a similar tendency as 
that of annealed TIIG-Bz including the appearance of a (010) π–π interaction peak and sharpening of 
the (100) lamellar peak upon thermal annealing. As observed in the pristine films, TIIG-Bf appeared 
to have the lowest crystallinity, although the (010) π–π interaction peak was recovered and the (100) 
lamellar peak became sharper upon thermal annealing, the peaks were broader than the TIIG-Bz 
material. 
In order to probe surface morphology, tapping-mode AFM images were collected for pristine films of 
each molecule, as well as for as-cast and annealed BHJ films with PC71BM. Height images are 
reported in Figure 13. TIIG-Bz and TIIG-Np films exhibited bumpy and aggregated surface features 
with RMS roughness' of 0.642 and 4.09 nm, respectively, while TIIG-Bf did not show clear structural 
features and had the lowest RMS roughness (0.373 nm). The lack of observable aggregate features in 
the pristine TIIG-Bf film is consistent with the observation that this molecule also exhibited the 
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weakest GIXD pattern as a pristine film. 
AFM images of the as-cast BHJ films are reported in Figure 13d–f, and all show smooth amorphous 
surfaces with an RMS roughness' of 0.263, 0.459, and 0.407 nm for TIIG-Bz, TIIG-Np, and TIIG-
Bf, respectively, consistent with the relatively weak diffraction patterns observed for as-cast films of 
each molecule. The surface morphologies of annealed BHJ films (Figure 13g–i) did not clearly 
follow the GIXD results; in the annealed films, TIIG-Bf showed the roughest films with an RMS 
roughness of 1.11 nm, while TIIG-Np showed an intermediate roughness (0.729 nm) and the TIIG-
Bz blend was the smoothest (0.528 nm). These differences in roughness may be due to different 
degrees of phase separation in each material or different thermal transition temperatures. These 
physical characteristics of the films before and after thermal annealing provide useful information 
about the crystallinity, crystal formation and internetworking of donor and acceptor materials in the 
blend system; these film attributes are strongly correlated with the OPV device behavior.
20
 All three 
blended small molecules displayed more obvious and stronger lamellar packing and π–π stacking after 
thermal annealing at 100 
o
C. In AFM images, the RMS roughness of the three small molecules 
increased upon thermal annealing; similar tendencies have been observed in the isoindigo-based 
oligothiophene films.
15
 From this information, we presume that thermal motion upon annealing allows 
crystallization of the donor phase while allowing phase separation to occur between the donor and 
PC71BM phases.
6
 These changes in the material structure allow enhanced charge transport through the 
active layer, improving Jsc and FF.
20
 These observations are consistent with the dramatic increase in 
Jscs in the photovoltaic devices after thermal annealing for all three materials. The increase in Jscs 
occurred concomitantly with a dramatic increase in PCEs to 1.32, 1.81, and 1.80% for TIIG-Bz, 
TIIG-Np, and TIIG-Bf, respectively. Although it is difficult to precisely identify the cause for the 
lower Jsc and PCE in TIIG-Bz, the low μh and unbalanced carrier mobilities point to difficulties in 
charge carrier extraction with this material. 
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Figure 13. AFM topography height images of (a−c) pristine small molecules, small 
molecule:PC71BM blend films (d−f) without and (g−i) with thermal annealing at 100 
o
C. Left, middle, 
and right columns show images corresponding to TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
Each film was prepared on glass/ITO/PEDOT:PSS substrates. The size of all images is 1.5 μm × 1.5 
μm.
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2.5 Organic Field-Effect Transistors (OFETs) Applications 
 
Figure 14. (a) Structures of TIIG-based small molecules, (b) TG/BC OFET device structure used in 
this study, and (c) chemical structure CYTOP dielectrics used in the OFET devices. 
 
2.5.1 Thin Film Nanostructural Order and Morphology 
Grazing incidence X-ray diffraction (GIXD) was used to investigate the change in the microstructure 
of the three small molecules upon annealing. (see Figure 15 and Figure 16) For each material, as-cast 
and annealed (at 80 
o
C) films on the SiO2 substrate were prepared. A summary of crystallographic 
parameters is presented in Table 6. 
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Figure 15. Grazing incidence X-ray diffraction (GIXD) patterns of the (a−c) as-cast and (d−f) 
annealed (at 80 
o
C) small molecule thin films. Left, middle, and right columns show images 
corresponding to TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively. 
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Figure 16. In-plane (left) and out-of-plane (right) X-ray diffraction patterns of the (a, b) as-cast and (c, 
d) annealed (at 80 
o
C) small molecule thin films. The profiles were obtained from the GIXD patterns. 
Blue, pink, and orange lines show images corresponding to TIIG-Bz, TIIG-Np, and TIIG-Bf, 
respectively. 
 
Table 6. Crystallographic parameters of small molecule thin films. 
Crystallographic parameters 
Lamellar π-π stacking 
qz (Å
-1
) d-spacing (Å ) qxy (Å
-1
) d-spacing (Å ) 
TIIG-Bz 
As-cast 0.4054 15.50 1.7075 3.68 
Annealed 
at 80 
o
C 
0.4058 15.48 1.7162 3.66 
TIIG-Np 
As-cast 0.3657 17.18 1.7024 3.69 
Annealed 
at 80 
o
C 
0.3772 16.65 1.7031 3.69 
TIIG-Bf 
As-cast 0.3921 16.02 1.7182 3.66 
Annealed 
at 80 
o
C 
0.3806 16.51 1.6272 3.86 
 
The GIXD patterns and line-cut profiles show that TIIG-Bz and TIIG-Np films exhibit sharply 
defined peaks, suggesting that the packing of TIIG-Bz and TIIG-Np is both more crystalline and 
aligned than that of TIIG-Bf, whose scattering patterns indicate relatively poor crystallinity. It is 
interesting to note the diffraction patterns of the as-cast TIIG-Bz and TIIG-Np films (without 
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annealing) show the very similar molecular ordering features as the optimized films, indicating that 
the as-cast films of both small molecules tend to form the stable crystal structures as in the optimized 
films, as their peak positions do not change significantly upon annealing in contrast to TIIG-Bf films. 
It is noteworthy that films of TIIG-Bz and TIIG-Np predominantly adopt orientation where the π−π 
stacking direction is perpendicular to the substrate normal, whereas TIIG-Bf film shows no 
discernable contributions from both parallel and perpendicular orientations. The GIXD line-cut 
profiles of the small molecules exhibit a strong π−π stacking peak for in-plane direction at around qxy 
= ≈1.7 Å−1 for TIIG-Bz and TIIG-Np films and no remarkable peak around this region for TIIG-Bf 
film despite the planar nature of the Bf group.  
Out-of-plane GIXD patterns of TIIG-Np film show that these materials afford crystalline thin films 
with the four clear lamellar peaks. This presence of higher order reflection indicates that TIIG-Np is 
better able to self-assemble into crystalline structures than others, which may favorably affect charge 
carriers transport. Considering the slight difference of the observed FET mobilities between TIIG-Bz 
and TIIG-Np, the pronounced peak intensity and number of TIIG-Np thin film as well as the better 
mobility of TIIG-Np-based FET than that of TIIG-Bz should originate from the continuous 
intermolecular interaction based on Np unit. It can be interpreted by the distinct intermolecular 
interaction caused by the molecular size and donating properties impact on the transport properties in 
the thin film state. 
As seen in Figure 17, the atomic force microscopy (AFM) images of TIIG-based small molecules thin 
films reveals nano-rods crystals of TIIG-Bz and TIIG-Np films whereas TIIG-Bf shows nano-rods 
and salt-like crystals both in as-cast and annealed (at 80 
o
C) thin films. These surface morphological 
microstructures were confirmed with polarized optical microscopy images shown in Figure 17d. 
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Figure 17. AFM images (5 µm × 5 µm) of TIIG-based small molecules thin-films; (a) TIIG-Bz, (b) 
TIIG-Np, and (c) TIIG-Bf as-cast and annealed at 80 
o
C. (d) Polarized optical microscopy images of 
TIIG-based small molecules thin-films annealed at 80 °C (all represent 5 x magnification). 
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2.5.2 OFETs Characteristics 
Figure 18 illustrates hysteresis-free output and transfer characteristics of the OFETs with TIIG-Bz, 
TIIG-Np, and TIIG-Bf films annealed at 80 
o
C with CYTOP gate dielectric.
21
 Most important trend 
of the TIIG-based small molecules is the steady increase in HOMO level from TIIG-Bz (HOMO  = 
−4.91 eV), followed TIIG-Np (HOMO= −4.86 eV) and TIIG-Bf, (HOMO = −4.82 eV), respectively, 
using cyclic voltammetry (CV) method to determine the frontier electronic energy levels of the small 
molecules in dichloromethane solution.
22
 These small molecules exhibited negligible difference in 
HOMO energy, with a maximum difference of 0.09 eV between TIIG-Bf and TIIG-Bz. Surprisingly, 
the electrical characteristics of TIIG-Np devices exhibit the highest hole mobility of 0.019 cm
2
V
-1
s
-1
 
owing to better self-assemble crystal structures that are shown at the GIXD result in both as-cast and 
annealed films, and better hole injection from Au electrode (work function Φ= 5.12 eV) resulting in 
lowest Rc (Figure 19d). The TIIG-Bz and TIIG-Bf OFET devices recorded maximum mobility of 
0.012 cm
2
V
-1
s
-1
 and 0.004 cm
2
V
-1
s
-1
, respectively. The Rc increases as TIIG-Np < TIIG-Bz < TIIG-
Bf with their values being 0.33±0.12 < 0.98±0.40 < 14.6±4.33 MΩcm, respectively, for 80 oC 
annealed devices. Interestingly, TIIG-Bf OFETs exhibit faster turn-on voltage (Von) and high off 
current compared to TIIG-Bz and TIIG-Np devices (Figure 19e). Von is the gate voltage (VG) at 
which significant charge accumulation occurs in the channel and the device transconductance 
 GD / VI   starts to increase quickly. Moreover, the device performance of the TIIG-based small 
molecules show slight temperature dependency upon post-annealing (Figure 19a−c). The basic 
transistor parameters of TIIG-based small molecule OFETs are all summarized in Table 7. 
 
 
Figure 18. The (a−c) output and (d−f) transfer characteristics of TIIG-based small molecules. (a, d) 
for TIIG-Bz, (b, e) for TIIG-Np, and (c, f) for TIIG-Bf OFETs, respectively. All devices are with 
CYTOP gate dielectric. 
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Figure 19.  The transfer characteristics of (a) TIIG-Bz, (b) TIIG-Np, and (c) TIIG-Bf OFETs as-
cast and annealed at various temperatures. (d) Field-effect mobility and contact resistance dependence 
of TIIG-based small molecules OFETs. (e) Threshold voltage (VT) and turn-on voltage dependence of 
TIIG-based small molecules OFETs. 
 
Table 7. The basic parameters of TIIG-based small molecule OFETs characteristics with CYTOP gate 
dielectric. 
Condition
a
 T [
o
C] 
µmax 
[cm
2
/V s] 
µavg 
[cm
2
/V s] 
Vth [V] 
S.S. 
[V/dec.] 
Ion/Ioff 
TIIG-Bz 
As-cast 0.003 0.002 -3.3 ~9.3 -7.1~11.2 ~4.9 x 10
3
 
80 0.012 0.009 -2.6~10.5 -4.2 ~ -11.1 ~1.5 x 10
3
 
100 0.010 0.007 -0.6~-3.4 -6.8~-10.1 ~6.0 x 10
2
 
TIIG-Np 
As-cast 0.014 0.012 -6.4 ~8.9 -10.4~14.4 ~2.2 x 10
2
 
80 0.019 0.013 -7.1~9.8 -11.8~-17.1 ~1.4 x 10
2
 
100 0.015 0.012 -5.9~-11.4 -10.2~-17.2 ~1.4 x 10
2
 
TIIG-Bf 
As-cast 0.002 0.001 -1.4 ~ -6.8 -8.7 ~ 15.9 ~5.0 x 10
1
 
80 0.004 0.003 -0.9 ~ -6.3 -10.3~ -23.8 ~5.2 x 10
1
 
100 0.003 0.002 1.3 ~ -0.6 -13.2 ~ 21.4 ~1.9 x 10
1
 
a
The parameters of OFETs were obtained by measuring 6-10 devices. 
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Figure 20. Ultraviolet photoelectron spectra (UPS) of the TIIG-Bz/Au, TIIG-Np/Au and TIIG-
Bf/Au sample and bare Au substrates. 
 
Table 8. HOMO levels of TIIG-based small molecules using UPS and cyclic voltammetry. 
Condition  TIIG-Bz TIIG-Np TIIG-Bf 
UPS  -4.89±0.08
a
 -4.93±0.07
a
 -4.68±0.05
a
 
CV  -4.91 -4.86 -4.82 
aAverage of 3 HOMO level values on different spots on the same samples 
 
In order to verify the better hole-injection properties from Au electrode to TIIG-Np, we examined the 
HOMO energy levels of the three TIIG small molecules as thin-film state by using ultraviolet 
photoelectron spectroscopy (UPS). Figure 20a shows He I (hv = 21.2 Ev) UPS spectra, which was 
measured from TIIG-Bz/Au, TIIG-Np/Au and TIIG-Bf/Au, and Au as a reference sample. Table 8 
lists the HOMO energy values of the three TIIG-based small molecules using UPS and CV methods. 
The Au work function (5.12 eV) and the vacuum shift due to the molecular dipole were determined 
using the onset of photoemission. We observed distinct shift of onset point from the fresh Au sample 
to all of the three TIIG-small molecule/Au samples and difference of the onset point of photoemission 
for TIIG-Bz (-4.89±0.08 eV), TIIG-Np (-4.93±0.07 eV), and TIIG-Bf (-4.68±0.05 eV) as shown in 
Figure 20b. Thus, the lowest Rc in TIIG-Np OFETs is due to both the lowest HOMO energy level 
leading lowest hole injection barrier height from Au and denser microcrystals leading proximity 
contact with Au (Figure 19e). 
Moreover, aiming to understand effect of device structure on electrical characteristics of three TIIG-
based small molecule devices, we fabricated bottom-gate/top-contact OFETs on SiO2/Si substrates. 
Prior to the active layer deposition, the SiO2/Si substrates were treated with octyltrichlorosilane (OTS) 
as a silylating agent by immersing the substrates in 0.1 wt% solutions in toluene. As shown in Figure 
21, these OFETs exhibit typical output and transfer characteristics with obvious hysteresis for TIIG-
Np and TIIG-Bf. Similar hysteresis was observed before in 2,7-dialkyl[1]benzothieno[3,2-
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b][1]benzothiophenes (C12-BTBT) BG/TC OFETs.
23,24
 Again, TIIG-Np devices recorded the 
maximum mobility of 5.3×10
-3
 cm
2
V
-1
s
-1
, whereas TIIG-Bz and TIIG-Bf devices showed a slightly 
lower mobility of 1.5×10
-4
 cm
2
V
-1
s
-1
 and 3.8×10
-3
 cm
2
V
-1
s
-1
, respectively. The better performance 
observed in TIIG-Bf OFETs than TIIG-Bz counterparts is attributed in part to the better interface 
properties between TIIG-Bf and SiO2. In addition, the generally lower mobility here compared to the 
above TG/BC devices can stem from the higher contact resistance of BG/TC OFETs, which is 
evidenced by poorer charge injection properties manifested in the output characteristics (Figure 22).
25
 
 
 
Figure 21. The transfer curves of (a) TIIG-Bz, (b) TIIG-Np, and (c) TIIG-Bf OFETs with BG/TC 
geometry annealed at 80 
o
C. 
 
 
Figure 22. The output characteristics and extracted field-effect mobilities of (a) TIIG-Bz, (b) TIIG-
Np, and (c) TIIG-Bf using BG/TC OFET devices annealed at 80 
o
C.  
 
In terms of UPS results, the low-lying HOMO levels of TIIG-Bz and TIIG-Np relative to TIIG-Bf 
are ascribed to the end-capping acenes with moderate electron-donating properties in the -system 
because these acene units render the resulting backbone less electron-rich. Besides, the enhanced 
crystallinity and mirco-structure of TIIG-Np are most likely attributed to the extended -conjugation 
length of the flat and rigid Np in the single basic unit. The interface properties of source/drain 
electrodes are also important for the growth of the active layer near the bottom electrodes, which then 
affect the thin film morphology and molecular orientation, and thus influence the charge carrier 
transport. This factor can be applied to explain why TIIG-Np film showed the highest hole mobility 
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from the aspect of the low contact resistance (0.33 ±0.12 MΩcm) of the Au electrode to the TIIG-Np 
layer and the low-lying HOMO level calculated from UPS methods. 
 
2.6 Conclusions 
In summary, small molecules (TIIG-Bz, TIIG-Np, and TIIG-Bf) using the recently conceived 
electron-accepting TIIG unit and three different electron-donating end-capping blocks (Bz, Np, and 
Bf) have been synthesized, characterized, and used in BHJ OPVs as donor materials and OFETs as 
active materials, in order to establish a useful platform to understand structure–property correlations 
in TIIG-based small molecule semiconductors. Together with theoretical calculations, the optical 
absorption and electrochemical potentials were used to determine their intrinsic optophysical 
properties and the electronic structure (HOMO/LUMO energy levels). Red shifts in max as well as the 
absorption intensities of the ICT bands were directly proportional to the strength of end-capping 
donor moieties (Bz < Np < Bf) in small molecules. Both the HOMO and LUMO levels could be tuned 
as the end-capping moieties were varied. 
Within this series, the best solar cell devices based on a TIIG-Np : PC71BM blend gave Jsc = 7.15 mA 
cm
-2
, FF = 0.39, and Voc = 0.66 V, resulting in a PCE as high as 1.81%. Detailed analysis of GIXD 
and AFM results was used to quantify not only the morphology behavior of pristine small molecule 
films but also the structural changes occurring in small molecule/PC71BM blends during thermal 
annealing at 100 
o
C in terms of the donor molecule lamellar orientation spread, backbone spacing 
along the alkyl-stacking direction, domain sizes, crystalline disorder, and the relative distribution of 
PC71BM aggregates in the BHJ active layer. 
The effect of electron-donating unit on thin film crystalline and characteristics of OFET was studied. 
TIIG-Np OFETs with TG/BC geometry showed the best hole mobility of 0.019 cm
2
V
-1
s
-1
 owing their 
better hole injection properties from Au electrode resulting in lowest Rc of 0.33 ±0.12 MΩcm and 
better crystallinity and surface microstructures. 
This work demonstrates that TIIG-based small molecule semiconductors have efficient light 
harvesting capabilities, good charge transporting abilities, suitable energy levels, and self-organized 
nanostructures suitable for use in BHJ OPVs and OFETs. We believe that with more fine-tuning of 
TIIG-based materials, combined with optimized device processing methods, electronic devices with 
high performances are possible. 
44 
 
Chapter 3. 
 
Poly(vinylidene fluoride) (PVDF)-Based Graft Copolymers 
 
3.1 Introduction 
Lithium ion batteries (LIBs) have been perceived as promising electrified devices due to their 
high energy density, long cycle life, and so forth. Among the developed anode materials for 
LIBs, silicon have been widely employed due to the high theoretical capacity (4200 mAh g
-1
 
by forming Li4.4Si)
26,27
 and low electrochemical potential of ~0.4 V versus Li/Li
+
. 
Furthermore, silicon is the second most abundant element, costs of production can be lowered 
accordingly, which allowed silicon in practical anode applications.
28
 
Despite the aforementioned merits of silicon as anode materials, there are some limiting 
factors for use of silicon in high energy LIB applications. First, silicon suffers from severe 
structural stress during lithiation/delithiation process, which can seriously affect the 
degradation of silicon anode plastically by large volume change (> 400%). In addition, the 
formation of unstable solid-electrolyte interphase (SEI), expanding pores between silicon, 
lead to accelerated capacity loss, poor Coulombic efficiency, and destruction of electric 
network during cycling.
27,29-32
 
To accommodate reasonable electrode stability and enhanced mechanical adhesion, numerous 
investigation was done on polymeric binder in the past decades. Poly(vinylidene fluoride) 
(PVDF) is the most widely used conventional binder in practical LIBs owing to its good 
electrochemical stability and mechanical strength. However, PVDF is attached to silicon via 
weak van der Waals forces only, and thus inefficient to hold the silicon together and sustain 
electrical conductivity during long cycle life.
33,34
 
Carboxymethyl cellulose (CMC) based polymers (that is, CMC or NaCMC)
34,35
, polyacrylic 
acid (PAA)
36
, dopamine grafted PAA
37
, and alginate
33
 (a kind of natural polysaccharide 
extracted from brown algae), which contain carboxylic acid group in each of polymer's repeat 
units showed promising characteristics as binders due to their good adhesion on silicon 
anodes via hydrogen bonding to give better cycling performance than PVDF. 
To ensure further long-term cycling stability during LIBs operation, thermal induced cross-
linking binders become important issues. In 2012, Cho et al. demonstrated 3-D cross-linked 
CMC-PAA binder, which showed greatly improved cycle performance of the silicon anode.
38
 
45 
 
Very recently, thermo-induced interpenetrated gel PAA-polyvinyl alcohol (PVA) binder was 
developed and exhibited high Coulombic efficiency and high capacity of ~4.3 mAh cm
-2
.
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Inspired by the previous research on polymeric binders, our molecular design strategy is to 
build an efficient binder with multi-directional cross-linking sites for realizing three 
dimensional (3-D) network between binder and surface SiO2 on the silicon anode. 
The linear chain nature of PVDF is susceptible to movement upon the volume change of 
silicon during cycling. Poly(acrylic acid) (PAA) has a carboxylic acid functional group that 
provides a strong intermolecular interaction between the binder and silicon anode and also 
serves as a thermally induced cross-linking site with SiO2 layer. 
By a grafting strategy through atom transfer radical polymerization (ATRP), binders with 
well-defined macromolecular architectures of both PVDF and poly(tert-butyl acrylate) 
(PtBA) in a backbone is possible. The ATRP reaction with monomers containing carboxylic 
acids suffers from low initiation efficiency since the acid functionality may poison the 
catalyst and thus requires tBA instead for preparing our binders. Thermally treated PtBA 
brushes in PVDF-g-PtBA can be converted to PAA and then establish efficient 3-D network 
by forming covalent ester bond between PAA and the surface SiO2 layer of silicon anode. For 
comparison, PVDF-g-PtBA binder was hydrolyzed to PVDF-g-PAA by acid treatment, and 
also applied to LIBs as binder materials. The chemical structure of resultant binders was 
verified by 
1
H NMR, FTIR, and XPS. To confirm the effective interconnected network, FTIR 
analysis before and after thermal treatment was also investigated. 
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3.2 Synthesis and Characterization 
PVDF Graft Copolymer Synthesis and Characterization: Atom transfer radical polymerization 
(ATRP) of poly(tert-butyl acrylate) (PtBA) was conducted using poly(vinylidene difluoride) (PVDF) 
containing secondary fluoride groups as macroinitiator (Scheme 2). The reaction time was controlled 
from 12 and 72 h. The structure of the PtBA graft-copolymerized PVDF (PVDF-g-PtBA) polymer 
was studied by 
1
H NMR, FTIR, and X-ray photoelectron spectroscopy (XPS). The graft concentration 
was increased with increasing the reaction time.  
 
Scheme 2. a) Synthesis of PVDF-g-PtBA. b) Cross-linking formed by condensation between binder 
(PVDF-g-PtBA) and SiO2 layer on the Si surface. 
 
 
The 
1
H NMR spectra for PVDF and PVDF-g-PtBA are described in Figure 23a. The PVDF spectrum 
exhibits two well-known peaks due to head-to-tail (ht) and head-to-head (hh) bonding arrangements. 
Grafting of PtBA to PVDF resulted in the appearance of peaks in the region of 1.4-1.65 ppm due to 
the methyl protons of the tert-butyl group. The mole fraction of PtBA in the copolymer was then 
calculated as 7 and 17% based on the intensities of resonances PVDF (ht), PVDF (hh), and the methyl 
group of PtBA. The number-average molecular weight (Mn) of the graft copolymers were 
directly obtained from gel permeation chromatography (GPC). The results of 
1
H NMR and 
GPC are summarized in Table 9. 
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Table 9. Properties of PVDF and PVDF Graft Copolymers 
 
Temperature 
(
o
C) 
Time 
(hr) 
Composition 
(wt% comonomer) 
GPC molar mass (g/mol) 
Mn Mw/Mn 
PVDF 
   
168,850 2.94 
PVDF0.93-g-PtBA0.07 120 12 12.89 269,410 2.70 
PVDF0.83-g-PtBA0.17 120 72 28.45 344,380 8.96 
 
Figure 23b shows the FTIR spectra of the PVDF and PVDF-g-PtBA. By comparison with PVDF, the 
PVDF-g-PtBA spectra contain the characteristic stretching vibrations at 1725 cm
-1
 assigned to the 
carbonyl bond of the ester group in the grafted PtBA copolymer. The variations of the graft 
concentration are ascertained by the increases in the intensity of the absorption band at 1725 cm
-1
 to 
that of the absorption band at 1404 cm
-1
 which is CH2 stretching band of PVDF. In addition, the 
emergence of CH3 stretch at 1367 cm
-1
 and CF stretch at 1151 cm
-1
 indicates apparently the successful 
grafting of PtBA on PVDF backbone. 
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Figure 23. a) 
1
H NMR, b) FTIR, c) XPS C 1s core-level spectra, and d) TGA curves of PVDF and its 
graft copolymers. 
 
The composition of PVDF and PVDF-g-PtBA was further studied by XPS characterization as 
displayed in Figure 23c. First, the C 1s core-level spectrum of the PVDF surface can be curve-fitted 
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with two peak components of about equal integral intensities with binding energies (BEs) at 285.8 eV 
for CH2 species and at 290.5 eV for the CF2 species. In the case of PVDF-g-PtBA, the C 1s core-level 
spectra can be curve-ﬁtted with five peak components having BEs at approximately 284.2, 285.8, 
286.7, 288.5, and 290.5 eV, which are assigned to the C-H species of the PtBA graft polymer, CH2 
species neighboring CF2, and C-O, O-C=O, and CF2 species, respectively. 
The graft concentrations of the PtBA side group grown on the PVDF surface can be derived from the 
O-C=O peak component to the CF2 peak component. With increases in the graft polymerization time, 
the component with BE at 290.5 eV assigned to CF2 species was gradually decreased, which is 
different trend with BE at 288.5 eV for the O-C=O species. Furthermore, the CF2 peak component 
associated with the PVDF substrate persists in the curve-ﬁtted C 1s core-level spectra of the PVDF-g-
PtBA surfaces but exhibits lower intensities compared to the CH2 component with increases of the 
reaction time.  
 
a) b)
c) d) e)
 
Figure 24. Theoretical structures of (a) PVDF and (b−e) PVDF graft copolymers by DFT calculations. 
 
Figure 24 shows the possible theoretical optimized geometries of PVDF and its graft copolymers 
simulated via density functional theory (DFT) calculations (B3LYP/6-31G). The optimized structures 
reveal that PtBA brushes are grafted onto PVDF main chain not in the same direction but away from 
each other. This implies that thermally induced cross-linking can occur in multi-direction, which will 
supplement the linear nature of PVDF by holding Si nanoparticles efficiently. 
Evidence of a condensation reaction between PVDF-g-PtBA binder and SiO2 in Si nanoparticles can 
be found in Figure 25. The C=O stretching vibration of PtBA brushes in the graft copolymer became 
broader at around 1725 cm
-1 
after thermal treatment with Si nanoparticles, indicating that 
intermolecular condensation reaction was occurred. Also, the absence of CH3 stretching band at 1369 
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cm
-1
 further verified the reaction. 
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Figure 25. FTIR spectrum of PVDF-g-PtBA after thermally induced cross-linking with SiO2 in Si 
nanoparticles under vacuum. 
 
3.3 Conclusions 
In this study, we have successfully prepared PtBA grafted PVDF copolymers by ATRP method and 
characterized by 
1
H NMR, FTIR, XPS, and TGA analyses. To minimize the serious volume 
expansion during Li insertion/extraction process, we have designed polymeric binders with 
multidirectional cross-linking sites, which displayed enhanced cycle performance than conventional 
PVDF binder after thermally induced condensation reaction. This strategy will greatly helpful when 
designing novel polymeric binders. 
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Chapter 4. 
 
Experimental Section 
 
4.1 Synthesis of TIIG-Based Small Molecule Semiconductors 
Materials and Instruments 
All the chemicals and reagents were purchased from Sigma-Aldrich, Alfa Aesar Chemical Company, 
and Tokyo Chemical Industry Co., Ltd. and used without any further purification. All solvents are 
ACS and anhydrous grade by distillation. (E)-2,2’-Dibromo-4,4’-bis(2-ethylhexyl)-[6,6’-bithieno[3,2-
b]pyrrolylidene]-5,5’(4H,4H’)-dione was synthesized according to the reported literature. 1H NMR 
and 
13
C NMR spectra were recorded on an Agilent 400 MHz spectrometer using deuterated 1,1,2,2-
tetrachloroethane (C2Cl4D2) as solvent and tetramethylsilane (TMS) as an internal standard. 
Elementary analyses were carried out with a Flash 2000 element analyzer (Thermo Scientific, 
Netherlands) and MALDI-TOF MS spectra were checked by Ultraflex III (Bruker, Germany). UV-
Vis absorption spectra in solution and in thin films were measured on a UV-1800 (SHIMADZU) 
spectrophotometer. Cyclic voltammetry (CV) measurements were performed on AMETEK 
VersaSTAT 3 with a three-electrode cell system in a nitrogen bubbled 0.1 M tetra-n-
butylammoniumhexafluorophosphate (n-Bu4NPF6) solution in dichloromethane at a scan rate of 100 
mV/s at room temperature. Ag/Ag
+
 electrode, platinum wire, and platinum were used as the reference 
electrode, counter electrode, and working electrode, respectively. The Ag/Ag
+
 reference electrode was 
calibrated using a ferrocene/ferrocenium redox couple as an external standard, whose oxidation 
potential is set at -4.8 eV with respect to a zero vacuum level. The HOMO energy levels were 
obtained from the equation HOMO (eV) = -(E(ox)
onset
 – E(ferrocene)
onset
 + 4.8). The LUMO levels were 
obtained from the equation LUMO (eV) = -(E(red)
onset
 – E(ferrocene)
onset  
+ 4.8). DFT calculations were 
performed using the Gaussian 09 package with the nonlocal hybrid Becke three-parameter Lee-Yang-
Parr (B3LYP) function and the 6-31G basis set to elucidate the HOMO and LUMO levels after 
optimizing the geometry of TIIG-Bz, TIIG-Np, and TIIG-Bf using the same method.  
General Procedure for Suzuki Coupling and Small Molecule Purification 
Dibrominated TIIG (0.457 mmol), phenylboronic acid, naphthalene-2-boronic acid pinacol ester, or 
benzo[b]furan-2-boronic acid (1.096 mmol), and tri(o-tolyl)phosphine (P(o-tolyl)3, 45.6 mol) were 
mixed with 15 mL of anhydrous toluene, and the mixture was degassed for 15 min. Potassium 
phosphate tribasic (K3PO4, 1.827 mmol) in 5 mL of water, 1 drop of aliquot 336, and 
tris(dibenzylideneacetone)dipalladium (0) (Pd2(dba)3, 11.3 mol) were then added to the mixture and 
degassed again for 5 minutes. The reaction mixture was stirred vigorously at 90 
o
C for 48 h under 
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argon atmosphere. After complete reaction, the mixture was put to room temperature. The crude 
product was then poured into 100 mL of toluene, washed three times with water, and once with brine. 
The combined organic layer was dried (MgSO4) and concentrated in vacuo. Subsequently, the crude 
product was purified by column chromatography on silica gel with 0−70% chloroform in hexane as 
eluent. The solvent was evaporated under reduced pressure. The final solid was precipitated into 
methanol and filtered to afford a greenish blue solid. 
 
Synthesis of TIIG-Bz 
Isolated yield = 80%. 
1
H NMR (400 MHz, C2Cl4D2): δ (ppm) 7.74 (d, 4H, J = 7.6 Hz), 7.44 (t, 4H, J = 
6.8 Hz), 7.37 (t, 2H, J = 7.6 Hz), 7.01 (s, 2H), 3.70 (d, 4H, J = 7.6 Hz), 1.87−1.90 (m, 2H), 1.32−1.46 
(m, 16H), 0.89−0.97 (m, 12H). 13C NMR (400 MHz, C2Cl4D2): δ (ppm) 171.04, 152.29, 152.05, 
134.23, 129.27, 128.90, 125.87, 120.07, 114.09, 107.64, 45.91, 38.57, 30.64, 28.72, 24.04, 23.26, 
14.32, 10.89. MALDI-TOF MS (m/z) Calcd: 650.30. Found: 650.94 (MH
+
). Anal. Calcd. for 
C40H46N2O2S2: C, 73.81; H, 7.12; N, 4.30; S, 9.85; O, 4.92. Found: C, 73.93; H, 6.97; N, 3.99; S, 9.86; 
O, 4.97. 
 
Synthesis of TIIG-Np 
Isolated yield = 78%. 
1
H NMR (400 MHz, C2Cl4D2): δ (ppm) 8.20 (s, 2H), 7.85−7.89 (m, 6H), 
7.80−7.82 (m, 2H), 7.50−7.56 (m, 4H), 7.07 (s, 2H), 3.71 (d, 4H, J = 7.2 Hz), 1.89−1.91 (m, 2H), 
1.33−1.50 (m, 16H), 0.91−0.99 (m, 12H). 13C NMR (400 MHz, C2Cl4D2): δ (ppm) 171.06, 152.23, 
152.10, 133.54, 133.27, 131.66, 128.91, 128.38, 127.96, 127.17, 126.87, 124.45, 123.82, 119.98, 
114.38, 107.84, 45.96, 38.60, 30.66, 28.73, 24.08, 23.30, 14.36, 10.94. MALDI-TOF MS (m/z) Calcd: 
750.33. Found: 751.05 (MH
+
). Anal. Calcd for C48H50N2O2S2: C, 76.76; H, 6.71; N, 3.73; S, 8.54; O, 
4.26. Found: C, 76.53; H, 6.54; N, 3.52; S, 8.67; O, 4.53. 
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Synthesis of TIIG-Bf 
Isolated yield = 75.6%. 
1
H NMR (400 MHz, C2Cl4D2): δ (ppm) 7.59 (d, 2H, J = 7.6 Hz), 7.53 (d, 2H, 
J = 8 Hz), 7.35 (t, 2H, J = 6.8 Hz), 7.28 (t, 2H, J = 7.6 Hz), 7.08 (s, 2H), 7.05 (s, 2H), 3.71 (d, 4H, J = 
7.6 Hz), 1.89−1.91 (m, 2H), 1.34−1.45 (m, 16H), 0.92−0.98 (m, 12H). 13C NMR (400 MHz, 
C2Cl4D2): δ (ppm) 171.03, 154.85, 151.76, 151.22, 140.24, 129.05, 125.54, 123.74, 121.32, 119.82, 
115.32, 111.31, 108.02, 103.53, 46.00, 38.53, 30.62, 28.70, 24.04, 23.27, 14.34, 10.87. MALDI-TOF 
MS (m/z) Calcd: 730.29. Found: 731.15 (MH
+
). Anal. Calcd for C44H46N2O4S2: C, 72.30; H, 6.34; N, 
3.83; S, 8.77; O, 8.76. Found: C, 72.59; H, 6.54; N, 3.79; S, 8.53; O, 8.74. 
 
3.1.1 OPVs Experiment 
OPVs fabrication and characterization: Indium tin oxide (ITO) coated glass substrates were scrubbed 
with detergent, then ultrasonicated in distilled water, acetone, and isopropyl alcohol for 10 min each 
and dried overnight in an oven at 100 
o
C. Poly(3,4-ethylene dioxythiophene:poly(styrenesulfonate)  
(PEDOT:PSS) (Baytron P VPAI 4083, H. C. Starck) was spin-coated on the ITO substrates at 5000 
rpm for 40 s, then thermally annealed at 140 
o
C for 10 min in air. The samples were then transferred to 
a glove box. Small molecule:PC61BM (blend ratios of 3:7, 4:6, 5:5, 6:4, and 7:3 (w/w)) in chloroform 
were spin-coated from 1000 to 7000 rpm for 60 s on the top of the PEDOT:PSS/ITO coated substrates. 
Small molecule:PC71BM solutions were prepared using optimal blend ratios (7:3, 6:4, and 6:4 (w/w) 
for TIIG-Bz, TIIG-Np, and TIIG-Bf, respectively), and deposited using the optimal spin rates 
identified using PC61BM. Subsequently, Al electrodes (100 nm) were deposited by thermal 
evaporation under vacuum (<10
-6
 torr) yielding devices with an area of 13.0 mm
2
. Completed devices 
were thermally annealed at 80 
o
C and 100 
o
C for 10 min using a digital hotplate. Current 
density−voltage (J−V) characteristics of OPVs were measured using a Keithley 2365A source 
measure unit. OPVs were characterized under simulated sun light (AM 1.5 G) with an intensity of 100 
mW cm
-2
 which was calibrated with a standard silicon photodiode (PV Measurements, Inc.). IPCE 
spectra were measured using a QEX7 quantum efficiency measurement system (PV Measurements, 
Inc.). For SCLC measurements, hole-only devices (ITO/PEDOT:PSS/TIIG-Bz, TIIG-Np, or TIIG-
Bf:PC71BM/Au) and electron-only devices (FTO/TIIG-Bz, TIIG-Np, or TIIG-Bf:PC71BM/Al, FTO: 
fluorine-doped tin oxide) were fabricated, respectively. The samples were kept in a nitrogen 
atmosphere and thermally annealed at 100 
o
C. The mobilities using space charge limited current 
53 
 
(SCLC) method were calculated by fitting the J−V characteristics of the single carrier diodes using 
the Mott-Gurney relationship, Jsclc = (9/8) × (εrεoμ) × (Va
2
/L
3
), where εr is the dielectric constant of the 
material, εo is the permittivity of free space, μ is hole or electron mobility, L is the distance between 
the cathode which is equal to the film thickness, and Va is the applied voltage. Film thickness was 
measured using a profilometer (ST4000-DLX, KMAC, Korea). 
AFM: Tapping-mode AFM images (1.5 μm ×1.5 μm) were obtained using a Multimode V microscope 
(Veeco, USA) with a nanoscope controller using silicon probes (Bruker) with a resonant frequency of 
300 kHz. 
GIXD: GIXD measurements were conducted at the PLS-II 9A U-SAXS beam line of Pohang 
Accelerator Laboratory. X-ray light coming from the in-vacuum undulator (IVU) was monochromated 
(Ek = 11.24 keV, λ = 1.103 Å ) using a Si (111) double crystal monochromator and focused 
horizontally and vertically at the sample position (450 (H) × 60 (V) μm2 in FWHM) using a K–B-type 
focusing mirror system. The GIXD sample stage was equipped with a 7-axis motorized stage for the 
fine alignment of the sample and the incidence angle of X-rays was adjusted to 0.12–0.14o. GIXD 
patterns were recorded by a 2D CCD detector (SX165, Rayonix, USA), and X-ray irradiation time 
was 0.5–5 s depending on the saturation level of the detector. The diffraction angle was calibrated 
with a sucrose standard (monoclinic, P21, a = 10.8631 Å , b = 8.7044 Å , c = 7.7624 Å , β = 102.938o) 
and the sample-to-detector distance was approximately 232 mm. Samples for GIXD measurements 
were prepared by spin-coating of pristine small molecules and small molecule:PC71BM blend 
solutions onto silicon wafers, with or without thermal annealing at 100 
o
C for 10 min. 
 
3.1.2 OFETs Experiment 
OFETs fabrication and characterization: Top-gate/bottom-contact staggered OFET structure devices 
were fabricated on Corning Eagle XG glass substrates. The source and drain electrodes (Au/Ni = 
13/3nm) were patterned using photolithography process and were deposited on glass substrate by 
thermal evaporation. The channel lengths were 10 and 20 μm and the width was 1000 μm. The TIIG-
based small molecules solutions (same concentration of 5 mg/mL in chlorobenzene) were spin-coated 
at 1000 rpm for 30 s followed by 2000 rpm for 10 s to enhance drying of the thin-films. The thin-films 
were then thermally annealed at 80 
o
C and 100 
o
C for 20 min in a N2-purged filled glove box. After 
thermal annealing CYTOP film as gate dielectric layer were spin-coated from 2:1 CYTOP/CYTOP 
solvent ratio at 2000 rpm for 60 s (thickness of ~380 nm and capacitance ~ 4.89 nFcm
-2
) and baked at 
80 
o
C for 1 h. The OFET devices were completed by depositing 50 nm top-gate aluminum electrodes 
via thermal evaporation using a metal shadow mask.  
For the bottom-gate/top-contact (BG/TC) OFETs fabrication, same concentration as above was spin 
casted on SiO2/Si substrates (SiO2 thickness ~100 nm, gate dielectric capacitance per unit area ~34.5 
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nFcm
-2
). Before the active layer deposition, the SiO2/Si substrates were treated with silylating agent 
octyltrichlorosilane (OTS) by immersing them in 0.1 wt% solutions in toluene for 2 h at room 
temperature. The SiO2/Si substrates were subsequently baked at 100 
o
C for 20 min, and then washed 
in toluene for 20 min. The TIIG-based small molecules films were then thermally annealed at 80 
o
C 
for 20 min. The gold source and drain electrodes (thickness ~40 nm) were deposited via thermal 
evaporation by using metal shadow mask, yielding the channel length and width of 50 µm and 1000 
µm, respectively. OFET devices were characterized using a Keithley 4200-SCS semiconductor 
parameter analyzer connected to a N2-purged glove box probe station. 
GIXD: Grazing incidence X-ray diffraction (GIXD) measurements were conducted at PLS-II 6D 
UNIST-PAL beamline of Pohang Accelerator Laboratory (PAL) in Korea. The X-rays coming from 
the bending magnet are monochromated using Si(111) double crystals and focused at the detector 
position using toroidal mirror. GIXD patterns were recorded with a 2D CCD detector (Rayonix 
MX225-HS) and X-ray irradiation time was 60 seconds dependent on the saturation level of detector. 
Diffraction angles were calibrated by a pre-calibrated sucrose (Monoclinic, P21, a = 10.8631 Å , b = 
8.7044 Å , c = 7.7624 Å , β = 102.938 o)40 and the sample-to-detector distance was about 223.2 mm.  
AFM: Contact-mode AFM images (5 µm x 5 µm) were obtained using a TT-AFM (AFM Workshop, 
USA) with a nanoscope controller using multi75E-G probes (Budget sensors) with a resonant 
frequency of 75 kHz. 
UPS: The analyses of TIIG-based small molecules thin films were performed in an ultra-high vacuum 
chamber. All spectroscopies were performed in the analysis chamber (base pressure 1×10
−6
 Pa). UPS 
was done with the He I photon line (hν = 21.2 eV) from a He-discharge lamp as the excitation source. 
The resolution of the UPS measurement was 25 meV. The Fermi level and the vacuum level of the 
sample and system was measured on Au (40 nm) surface. 
 
4.2 Synthesis of PVDF-Graft Copolymers 
Materials and Instruments 
PVDF KF1100 (Mn ca. 280, 000 g/mol) was purchased from Kureha. tert-Butyl acrylate (t-BA) was 
purchased from Sigma-Aldrich. Copper(I) chloride (CuCl, 99.999%) and 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA), p-toluenesulfonic acid monohydrate (TSA) were 
purchased from Alfa Aesar Chemical Company. 1-Methyl-2-pyrrolidone (NMP) was purchased from 
JUNSEI. All solvents were reagent grade, and all reagents were used as received. Molecular weights 
of PVDF and its graft copolymers were measured by gel permeation chromatography (GPC) 
conducted at 23 °C in DMF at a flow rate of 1 mL/min, using a Agilent 1260 Infinity GPC 
system equipped with a PL gel 5 μm mixed B column (Polymer Laboratories) and differential 
refractive index detectors. Monodisperse PS standard (Polymer Laboratories) was used for 
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calibration. 1H NMR was performed on PVDF and its graft copolymers in deuterated DMF, using a 
400-MR DD2 (Agilent, USA) 400 MHz spectrometer. The Fourier transform infrared (FTIR) spectra 
were recorded on a 670-IR (Agilent, USA) spectrophotometer. X-ray photoelectron spectroscopy 
(XPS) data were obtained with a K-alpha (Thermo Fisher, UK) electron spectrometer. The binding 
energies were referenced to the C1s line at 284.6 eV from adventitious carbon. 
 
Synthesis of PVDF-g-PtBA 
PVDF (3 g) was dissolved in NMP 30 ml in a 2-neck round flask at 60 
o
C. After PVDF had 
completely dissolved in NMP, tert-butyl acrylate (93.5 mmol), CuCl (0.202 mmol), and HMTETA 
(0.367 mmol) were added to a PVDF solution at room temperature under argon atmosphere. The 
reaction vessel was immersed in an oil bath preheated to 120 
o
C and then allowed to proceed for 12 h 
and 72 h. After cooling to room temperature, the resultant polymer solution was precipitated into a 1 : 
4 water : methanol mixture and filtered off. The precipitated polymer was stirred overnight in a large 
volume of hexane. Then the polymer was recovered by filtration, redissolved in NMP, and 
precipitated into a 1 : 4 water : methanol mixture. Finally, the graft copolymer PVDF-g-PtBA was 
dried under vacuum. 
 
Hydrolysis of PVDF-g-PtBA 
PVDF-g-PtBA was immersed in toluene (in which it swelled but did not dissolve) 30 ml, and TSA (3 
g) was added to the reaction vessel, after which the reaction mixture was purged with Ar for 15 min. 
Then the mixture was placed in an oil bath preheated to 85 °C and stirred for 7 h. After complete 
reaction, the heterogeneous mixture was poured into excess methanol (a good solvent for TSA) and 
recovered by filtration. The polymer was further purified by redissolving in NMP and reprecipitating 
into a 1 : 4 water : methanol mixture. Finally, the product was again recovered by filtration, and dried 
under vacuum to provide PVDF-g-PAA. 
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Chapter 6. 
 
Summary and Outlook 
 
In conclusion, we have successfully synthesized TIIG and PVDF-based organic materials which were 
used in various energy harvesting applications; OPVs, OFETs, LIBs. It is demonstrated that these 
structural modification of the organic materials can provide a helpful guide for rational molecular 
design of organic materials for future device applications. 
 
In Chapter 1, the concept of organic materials based on thienoisoindigo (TIIG) and PVDF are shortly 
explained. The synthetic methods (Suzuki coupling, Stille coupling, and ATRP) toward these 
materials are also introduced. 
 
In Chapter 2, three TIIG-based small molecules (TIIG-Bz, TIIG-Np, and TIIG-Bf) were 
synthesized via Suzuki coupling. Regarding these small molecules, the optical and electrochemical 
properties are presented briefly. Then, applications of these small molecules in OPVs and OFETs 
devices are explained and their thin film morphology was studied by GIXD and AFM. 
 
In Chapter 3, tert-butyl acrylate grafted PVDF copolymers were prepared to use as a binder for Si 
anode in LIBs. 
1
H NMR, GPC, FTIR, XPS, and DFT calculation were used to characterize the 
composition of these copolymers. 
 
In Chapter 4, the detailed synthetic procedures and device fabrication methods for above organic 
materials are presented. 
 
Chapter 5 gives references and Chapter 6 provides summary and outlook. 
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님께 가장 감사하다는 말씀을 전하고 싶습니다. 지금은 졸업하신 종기 오빠, 오랜 시간 
랩장 하시면서 고생하신 규철 오빠와 정훈 오빠 모두 정말 고생 많으셨습니다. 새로운 
랩장이 된 상면이도 요즘 정말 수고한다는 말을 전하고 싶습니다. 바쁘신 와중에도 좋은 
말씀 많이 해주신 김이호 차장님, 제 사수로 고생하셨을 경식 오빠, 친절했던 박사님 
Salini와 Tao, 밝은 에너지를 닮고 싶은 Chen, 최근에 여러모로 많이 도와주신 광현 오빠
께도 감사하다는 말씀을 전하고 싶습니다. 동생이지만 언니를 많이 챙겨주고 도와줬던 
입학 동기 미진이, 지금은 미국에 가서 보지는 못하지만 초반에 많이 도와줬던 정호, ‘언
니’하면서 웃어주던 Tanya도 참 고마웠습니다. 때로는 시크하지만 편안한 소희, 매사에 
적극적인 유진이, 장래에 랩의 맏형이 될 대희, 이번 학기에 많은 시간을 함께한 부사수 
혜진이 모두 앞으로도 열심히 해서 꼭 좋은 결과를 맺었으면 좋겠습니다. 이제 곧 대학
원 들어올 민규, 병규, 용준이도 대학원생활 잘하길 바랍니다. 그리고 공동연구를 통해 
많은 것을 배웠던 교수님들과 연구원 분들께도 감사의 말씀을 전하고 싶습니다. 마지막
으로 항상 저의 편이 되어주시는 부모님과 언니, 이제 곧 수능을 볼 남동생들에게도 감
사의 마음을 전합니다. UNIST에서 알게 된 모든 분들의 앞에 좋은 일만 있기를 기원합니
다. 감사합니다. 
